
CHAPTER 5 

Thermal Conductivity of Polymers 

DONALD E. KLINE 
\ 

DEPARTMENT OF MATERIALS SCIENCE . 
PENNSYLVANIA STATE UNIVERSITY 
UNIVERSITY PARK, PENNSYLVANIA 

DAVID HANSEN rC- 

MATERIALS RESEARCH CENTER 
RENSSELAER POLYTECHNIC INSTITUTE 
TROY, NEW YORK 







emperature field. 

SOLIDS 

thermal vibrations of molecules and their component atoms. 

Conduction in Dielectric Crystals 

The theory of heat conduction in dielectrics can be approached most 

heat conduction in terms of the diffusive motion of an ideal phonon 
leads directly to an equation for the thermal conductivity: 

where C is the phonon heat capacity (per unit volume), u is the phonon 
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peated several times until the quartz crystal had been effectively con- 
verted to a glass. Figure 5-2 is a reproduction of the results. The upper 
curve shows the typical conductivity-vs.-temperature behavior of a 

rather than decreases with temperature. Roughly, the tempera 
dependence of thermal conductivity of a glass can be interpreted as 
corresponding to a near-constant mean free path whence the thermal 
conductivity follows the increase in heat capacity with temperature. 

liquids the thermal conductivity is generally less temperature 
itive than in glasses and may decrease with increasing temperature 
to thermal expansion. Some materials will show a maximum in the 

stances predicts conductivity proportional to temperature. 

5-3 HEAT CONDUCTION IN POLYMERS 

A. Amorphous ~ o l ~ m e r s  

. TEMPERATURE AND PRESSURE DEPENDENCE 

summarized in Fig. 5-3. As Reese points out, the general features 

t conduction in glass, proposed by Klemens(7). Over most of the 
perature range the phonons are scattered by the disordered, amor- 

peratures Klemens suggests that the phonon wavelength becomes large 
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sensitivity of the thermal conductivity. However, only limited data 
are given showing a low molecular weight polymethyl methacrylatc to 
be more orientation sensitive than a specimen of higher molecular 
weight. 

As all of the reported data indicate, orientation can induce a signi- 
ficant anisotropy in the thermal conductivity oF polymers, which must 
be considered in analysis of heat transfer in these materials. Presum- 
ably, in biaxially oriented materials, three principal conductivities 
are needed to characterize the material. The derivation of Eqs. (5-14) 
and (5-17) can be modified to consider biaxial orientation, but no 
experimental data are available. 

Processes such as extrusion generally require heat transfer to a 
polymer melt, under shear, which may be significantly oriented. While 
the effects of orientation on conductivity of a melt are expected to be 
similar to the effects on a solid, amorphous polymer, there have been 
no reports of experimental characterization of anisotropic conduc- 
tivity in a polymer melt. 

B. Crystalline Polymers 

In comparison with the amorphous polymers, crystalline polymers 
are characterized by a more ordered, denser structure which, in general, 
yields a higher thermal conductivity. The difference between the 
amorphous and crystalline polymers with respect to heat conduction 
may be characterized as a lower resistance to intermolecular transfer 
in the crystalline polymer. Hence, it might be expected that the con- 
ductivity of crystalline polymers would be less sensitive to a parameter 
such as molecular weight. Indeed, Hansen and Ho(14) observed a 
significant molecular weight effect in the conductivity of molten poly- 
ethylene, but discerned no difference in thermal conductivity among 
crystalline polyethylenes of different molecular weights. For the same 
reasons, one would expect less effect of molecular orientation on the 
conductivity of a crystalline polymer than is observed with amorphous 
polymers. On the other hand, the crystal structure of polymers is 
itself highly anisotropic and when oriented could yield significant 
anisotropy in heat conduction properties. No experimental or theor- 
etical characterization of the thermal conductivity of oriented, crystal- 
line polymers has been reported. 

The most extensive studies on heat conduction in crystalline poly- 
mers have been reported by Eiermann(3l), who measured thermal 
conductivity of polyethylene, polyoxymethylene, polypropylene, and 
polyethylene terephthalate from -190°C to +lOO°C. He found the 
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thermal conductivity-ten~pcrature relationship to be sensitive to den- 
sity. For example, an annealed, linear polyethylene ( p  = 0.982 gmlcm") 
has a conductivity of 2.8 X 10-%al/cm-sec-"C at -190°C which de- 
creases to 1 . 1  X lo-:' at +lOO°C. A low dcnsity, branched polyethylene 
( p  = 0.9 18) has a conductivity of only 0.75 X 10-:' callcm-sec-"C at 
-190°C, which increases slightly with temperature to a maximum of 
0.9 X 10-bt about -50°C from which it dcclincs to 0.6 X TO-:'at+1000C. 
Howcver, Eiermann(32) found that sonic of thc widc diiYcrcnccs in 
thcrmal conductivity of difrercnt specimens of t h c  same crystallinc 
polymer could be correlated on the basis of a simple model. Considcr- 
ing the polymcrs to consist of a compositc of amorphous and crystallinc 
rnatcrial, Eiermann analyzed his data on the basis of a hypothetical 
conductivity X-, of a perfectly crystalline poiymcr. and k,,, thc thermal 
conductivity of completely amorphous polymers. The volume fraction 
or "per cent crystallinity" was assigned in the usual way from density 
data, and Maxwell's equation was used to calculate k,  and kc, from data 
on the real polymers(32). When treated in this way, Eiermann's data 
showed k, to be proportional to temperature and kc to the reciprocal 
of temperature. This is the behavior predicted from phonon theory for 
amorphous and crystalline dielectrics. Hansen and Ho (14) and Sheldon 
and Lane(33) have analyzed their data on polyethylene in similar 
fashion, and confirm Eiermann's findings. 

Other studies on heat conduction in crystalline polymers include the 
observations of Hsu, Kline, Tomlinson, and Sauer(16,34,35), Hattori 
(36), and Sheldon and Lane(33) on the effects of nuclear radiation. 
These are discussed in Section 5-4,O. Effects of crystal morphology 
have not been studied, per se, with respect to heat conduction in 
polymers. Also iacking is any extensive study of thermal conductivity 
of crystalline polymers at very low temperatures. 

In addition to the general trends in conductivity-temperature graphs 
for crystalline polymers, one sees local bumps or discontinuities. These 
may reflect various transitions, and indeed Tomlinson, Kline, and Sauer 
(16) have related them to dynamic mechanical spectra observations on 
the same samples. Steere(37) has even suggested the use of thermal 
conductivity measurements to study polymer tra~isitions, and has de- 
monstrated the potential of the technique with some observations on 
transitions in polyethylene terephthalate, polytetrafluoroethylene, 
and polypropylene. 
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5-4 POLYMER CONDUCTIVITY DATA 

In this section a gcneral discussion of thermal condrrctivity data will 
be presented. Where sufficient data have been accuniulatcd oil a givcn 
polymer, it will be discussed separately. I t  is intended that thc discus- 
sion be reasonably cxtcnsive, realizing that space linlitations prcvcnt 
discussion of evcry existing rcfercncc. Thc work citcd will hopefully 
provide a corc t'ronl which thc rcader can consult the Iitci-iiiu~c in 
furthcr dctail and locatc rcfcrences on a givcn sub.ject or material. For 
convciilicncc, thcrmal conc1uctivi:y unit corrvci.bicr~~ l"&clo~% kitr'c givutr 
in 'Table 5- 1. 

~ o l ~ n ~ c t h y l  methacrylate has bccn a primary material for invcstiga- 
tion of the process of thermal conduction in amorphous polymci-\. 
Studies have included the low temperature bcliavior, the circct of thc 
glasslike transition, ctl'ccts of chain oricntation, and behavior oi' tilt 
conductivity in the melt. Thermal condukiivity data for I'MMA Iiavc 
bcen reported by Iicese(4,38), Hattori(35)), Eicrmann and co-workcrs 
(22,23,40), Berman(6), Lolle( 11,42), Shoulberg and Shetter(44), 
Eiermann and Hellwege(23), Holzmiillcr and Miinx(45), Kirichenko, 
Hennig, and Knappe(46), and Knappe(47). Orientation effects have 
been investigated by Eiermann(26) (for stretched and unstretched 
materials), I-lellwege et a1.(24), and Wansen and Mo(14). Thermal 
diffusivity data have been presented for temperatures from 25" to 
325°C by Shoulberg(l0) and, for some temperatures above room 
temperature, by Chung and Jackson (45). 

A combination of Reese's low temperature data with that of others 
[Eiermann(22) and Berman(6)l were summarized in Fig. 5-3 in a 
previous section. The conductivity increases from a near-zero value 

TABLE 5-1 
Thermal Conductivity Un~t Conversron Factors 

g-c;rl/cn~'-~cc w/cm' w/in.z-"C/in. Htu/Stz kg-cal/m2-hr Btu/l't2-hr 

1 .0 4.19 10.63 241.0 360.0 2903.0 
0.239 1 .0 2.54 57.8 86.0 694.0 
0.094 ?394 1 .0 22.8 33.9 273.0 
4.13X10-X 0.0173 0.0440 1 .0 1.488 12.00 
2.788 X 1 0 - V . 0 1 1 6  0.0295 0.672 1 .0 8.06 
0.344 x 1 0 - V  ,442 x 10--3.6 X 10-:$ 0.0833 0.124 1 .0 
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slightly above O0I< to 1 X 10-4cal/cm-sec-0K at 2.5"1< and to 4 X l o - '  
cal/cm-sec-"K near 125°K. Values continue to increase with increasing 
temperature to a maximum near 350°K followed by a slight downward 
trend. Data of Shoulbcrg and Shetter(44) have shown that the con- 
ductivity typically is independent of temperature up to the glasslike 
transition temperature, and then decreases with temperature up to 
160°C (Fig. 5- 10). A discussion of the implications of the P M M A  data 
thus far reported was given in Section 5-3. 

B. Polystyrene (PS) 
Various aspects of thermal conductivity in polystyrene have been 

studied. Uebcrreiter and co-workers(l3,18,49,50) reported data for 
k,  a ,  c,,, and L: concerning the cffect of molec~~lar weight, the effect of 
plasticizing, and the effect of cross-linking via divinyi benzene. Iieese 
and Tucker(51) reported data at low temperatures (below 5°K); 
Holzmuller and I~Iunx(45) from 20" to about 130°C; Hattori (36,52,53) 
(I, and a )  from 20" to 120°C; Kirichenko et a1.(46) from 30" to 75°C; 
Cherkasova(54) from 2.5" to 95°C; Kline(55) from room temperature 
to about 100°C; and Lohe(42) from 100" to 250°C (in the melt). Shoul- 
berg(l0) has also presented diffusivity data from near the glass 
temperature to about 300°C. 

Hellwege, H ennig, Knappe, and Semjonow (24,4 7,56) have 
presented data for c ,  and k ,  including the effect of orientation by 
stretching. The studies of Mansen, Kantayya, and Mo(15) included 
molecular weight dependence in polystyrene and molten polystyrene 
(some PS data are given in Fig. 5-4). 

Much of the data reported in the literature has been compiled and 
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Figure 5-10. Thermal conductivity of polylncthyl methacrylate [Shoulberg and 
Shettcr(44)I. 

". 
- - "- 

* 



266 DONALD E. K L I N E  A N D  DAVID HANSEN 

evaluated in a study by Carwile and Iiogc(57). A summary of thcir 
findings is given in Fig. 5-1 1 where they havc also drawn a line rcprc- 
senting thcir selection of probable Lhcrmal conductivity values as a 
function of tcmperaturc. For thc most part data reported by invcsti- 
gatora so far tend to cxhibit an increase in conductivity with tcmpcra- 
ture but an identifiable maxiinurn may also occur. For solid !'S the 
maximum would appear to occur near the glass tempcraturc whilc 
this valuc would appear to be exceeded by a further rise in conduc- 
tivity with increasing tcmperature in the mclt. I t  should bc notcd that 
all rcsults thus far reported apparently concern atactic PS. No rcsults 
have bccn reported for isotactic crystalline PS. 

6. Polyurethane 

Thermal conductivity data for polyurethanes have been rcportcd 
by Knappe(47) and Cherkasova(54). Thesc investigators havc not 
described in detail the preparation and analysis of their materials. 
Their results difTer in that Cherkasova's(54) data exhibit an increase 
from about 3.4 X 10-kal/cm-sec-"C at 25°C to about 4.6 X 10-* cal/cm- 
sec-"C at 90°C (Fig. 5-1 2), and results of the Knappc(47) investigation 
using a partly crystalline material show adecreasefrom about 7.5 X 1W4 
cal/cm-sec-"C at 15°C to 6.2 x 10-* cal/cn~-sec-"C at 100°C. If  the 
material used by Cherkasova was almost completely amorphous 
rather than appreciably crystaliine in nature, as that reported by 
Knappe, it could conceivably account for the difference in resuits 
obtained by the two invcstigators. 

D. Polyvinyl Chloride QPVC) 

Polyvinyl chloride is usually considered to bc a primarily amorphous 
polymer. Quantitative estimates of the per cent crystallinity are 
difficult to obtain. Eiermann, Heilwegc, and Knappe(58) reported 
thermal conductivity data for PVC showing a gradual increase from 
3 X 10-kal/cm-sec-OK at -180°C to a n~aximum of slightly greater than 
4 X callcrn-scc-OK near 40°C and decreasing only slightly to 90°C. 
Knappe(47) reported a relativcly temperature-independcnt value of 
4 X lo-" cal/cm-sec-OK from 1 OoC to 100°C. In this temperature range, 
Knappe(47) also rcported an over-all decrease in conductivity with 
increasing plasticizing concentration. Hdizmiiller and Miinx(45) 
presented results from the range 25" to 75°C which showed a small 
peak followed by a small dip at 45"-55°C superimposed on a nearly- 
constant thermal conductivity level. 

Sheldon and Lane(l9) measured thermal conductivity of the PVC 
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Figure 5-12. rhermal conduct~v~ty of I'S, PE. I'U, paraffin, epoxy, and polyamide 68 
[Cherka\ova(54)]. 

specimens with varying plasticizer conient(0,20,26,30.36,40%) 
from 15"-98°C and found the conductivity of the unplasticized sample 
(Fig. 5-1 3) to increase gradually up to the glass temperature and then 
to begin to decrease. Maximuin values were about 4 x 10-kal/cm- 
sec-OK. With the addition of plasticizer, the glass iemperature of PVC 
decreases and this is apparently reflected in the thermal conductivity; 
i.e., the maximum in the thcl-ma1 coridiictivity shifts to lower tem- 
peratures with increasing plasticizer concentration. Near 100°C the 
conductivity of the 40% plasticized sample was reduced to a!,oui 
3.4 X units. Extrapolations of the thermal conductivity were also 
made to 0% and 100% plasticizer concentrations for data at 25OC from 
plasticized specimens and these values (Fig. 5-14) were compared 
to other measurements and calculations. 

Others have also observed changes in thermal conductivity with 
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Eicr*mann's(22) I-esuits for -190" io 9G°C appclv to direr from the 
above. With incrca4ing plasticizer content (0 ,  10,20,40%) thc con- 
ductivity peak shifts froni the highcst temperatures to -50°C. While 
increasing the percentage pIa\ticizcr causes a decrease in conductivity 
above the pcah, it results in an increasz-in conductiviiy bclow thc 
peak. 'This behavior is very sirnilas to iIi:tt observed by Slicldoi2 and 
Lanc(l9).  Tlic reference of Eicrmann and kjcl;wegc(23) rcpeats 
thesc data. Stcere(37) has ai4o prcsenicd data for plasticized PVC. 

3-3cilwegc ct ai.(l?rl) havc rnca\~~i-cci ~ h c  clTects of stretching i i i  the 
conductivity of PVC in directions pardlei to and perpcndicular to Ihe 
stretch direction. (See also Fig. 5-8 of Section 5-3 for typical orienza- 
tion results.) DifTisivity rneasuremcnts of unplasticizcd PVC fi-on 
120" to 200°C can be found in Shoulberg's (10) work. 

E. PoPyeiPayBene (PE) 

Thermal conductivity behavior of polycthyicne has been inves- 
tigated extensively by Eicrmann and co-worhcrs(l7,22,23,.3 I ,32,41, 
47,58,59) from -190" to about 4-1BO"C although an appreciable 
number of the publications apparently present repetitious data. 
Hattori(36,52,53,60) has reported I, and a data for PE over Iiie 
-60" to 120°C temperature range ir~cluding seadies of molecular weight. 
Cherkasova(54) reported results from 25"-95°C; Kirichenko et ai. (46)  
reporled results from 30" to 80°C; Hansen and Ho(14) reported resuits 
for li, including the effect of molecular weight, for the temperature range 
50" to 160°C; Kline(55) reported results r':-or;? 0" to - '106°C; and Siczie 
(62) has reported results from -5V to +30"C for a ,  k ,  and c,,. 

Data of Eiermann(32) are given in Fig. 5-1 5 illustrating ilie ilici-cz~e 
in conduc~ivity with increasing density of PE. Sheldon and 1.2111~(61I 
obtained similar results, which illustrate the efl'ect of increased ~ e n s i t y  
resuiting primarily from increased crystallinity, as did Hansen and I-;~I 

2% ;0,1 (14), Tomlinson, Kline, 2nd Sauer(i6),  and others. By a caIcuI 1' 
based on the Maxwell equation for conduction in mixtures, EEcrmiLil;i 
(32) has resolved the conductivity of PE into contributions from :,;e 
amorphous and crystalline regions. The an~orpi-ious conductivity (Fig. 
5-16) rises fi-om ~ ~ s o u t  3 X 10-" cgs units at -196°C to a maximum of 
about 4.3 X cgs units at -25°C. This bchavior is somewhat similar 
to the conductivity behavior of amorphous PMMA cited earlier and is 
very similar to the resuits obtained on atactic (amoi-,shous) polypro- 
pylene, as shown in Fig. 5-i4. The conductivity of the crystaEPine 
regions (Fig. 5-17) follows approximately the T-' behavior typical of 
molecular crystals. 



Figure 5-"1. Thermal conductivity of polycti~ylcncs ( p  = 0.982, 0.962, 0.923, 0.91 8) 
as a function oftcmpel-atuic [Eicrmann(32)j. 

2.5 1 I 1 1 1 
-190 -150 -100 -50 0 50 100 

T E M P E R A T U R E  , O C  

Figure 5-16. Thcrmal conductivity of atactic polypropylene and calculntcd thermal 
conductivity of amorphous polyethylene [Eiermann (32)j. 
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Figure 5-17. C;llculatcd tl?crrn,~l c o n d i i c t ~ v ~ t y  .~nd iccipioc,rl condi~ctivlty of cry>t:ii- 
i ~ n e  polyethylene [Eicrm,1nn(32)]. 

Reese and Tucker(51) have reported thermril conductivity d:ita for 
PE below j°K, showii~g that tile conductivity leiids towards zero with 
deci-easing temperature. Shouibcrg(i0) has presented difi~sivii> d&a 

\ 

at high temperatures and i;l. the meii. ;-]ansen and Ho(14), "aheUO), 
and Tomlinson, Kline, aiid Smer(1  6) have measured the conductivity 
of polyethyielle in the melt. The Iatter group obiair~ed resuits by Ind~ic- 
ing slight cross-liniting between moiecular chains usir:g nuclear radia- 
tion. Results indicate that the conducliviey rises slightly with 
ternperaiure in the melt and that the conductiviry is higher for linezr 
PE as compared to branched PE. EKects of radiation on the conducliv- 
ity of polyethylene are discussed elsewhere. (See also Fig. 5-1 8.) 

Figure 5-19 is a plot of E;crrnaiin1s(31) data for isotactic pi.;~i.~.'y 
crystalline PP ( p  = 0.91 1 gm/cm3j and atactic :~ni~rphous  PP. 7-cifi1i?:tr;- 

son and Kiine(35) have reported data for i so tac , ;~  PP ( p  = 0.907) show- 
ing that the conductivity decreases ra;hcr ;:&;;-iidly with tcmperatui-e, 
similar to PE at higher temperatures, and i,.3j.,-oaclnes the conductivity 
value of the melt near the crystalline nlcitii:; :c.n;-izraturc (see Fig. 5-28 
Eatcr i i l  thi:, section). Dala on P? have been i-epoi-:cd in other articles by 
Eierniann(32,41), Knappe(47), and Stccre(37). The laticr givcs 
values of a, and c, and the h data exhibit s i ;  increase from about 
3.2 x l OV4 ca l /~m-sec-~C at -I Ga°C to a'ookl 7 x 19-' cal/cn-i-sec-"C 
near +lOO°C. 

Polypropylene data gener-ally paraliei PE data ir? that values for the 
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Figure 5-18. Thermal conducrivity of poiyrrhyiencs at liigli tcn?pcraiures [0, A, Tom- 
linson et a1.(16); - Eohe(20)I. 

I I I I I 
-190 -150 -100 - 5 0  0 

1 
5 0  100 
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Figure 5-19. Thernial conductivity ofpolypropyicnc /Eici~rnann(~'I)j. 
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amorphous rnaklerial increase at increasing :c:i;pe~atui-c lo a maxirnurn 
near the temperature of a glass:ikc i-c!clxu:ioi1 (Fig. 5-16): the con- 
ductivity incl-eases upon crysi~llizaiion of 11-,e polymer; and ai higher 
tenlpcra2r:rcs [he conduciivity decreases with inci-easii-ig tc;,;?err;ture 
as the crys~ailites melt, reachirig the v:~li;e of the i ~ i o l l ~ i ~  po ;yme~  at 
the cry\',lliitc melting iempcrature. 

Eicrm;tnn(Sl) has separated tlx conitictivity of ?!' into arnoi-phiia\ 
and crysialiine contributions by an z~nalysis sirniial- 10 i!>;ii ~ I \ C U \ ~ C C ;  

for 118(_3_3). rht: iimorphoii\ c011~1~t~:ivity w;$\ clin~ii;lr t o  i i ~ ~ l t  For 
atactic PP; however, the conductivity was foilad to increase with 
increasing temperature contrary to that observed in PE. 

Poiyamides or nylon5 havc been stiidicd by a nuiclsei- o f i ~ ~ v e s t i ~ : ~ t o r s  
inclriding Hattori(63) (nylon 6, sce Fig. 5-20); ;<line(55) (nyion 66 
from 0" to 100°C); Chcrkasova(54) (nylon 68 from 25" to 95°C); 
Knappe(47) (nylon 6 and 610 fro:iz 20" to 160°C); and ;-lo;zmSilcr 
and MGnx(45) (25" to 130°C). Rczse and Tucker(S1) obtairled c ~ ~ t ;  
on a nylon from 0.2" to j O I < ,  and iohe(42)  obtained data on ny 3:; 6 
in the meltfror;~ 2.10" to 24Si"C. in the mell the vslue was obse;vz; i~ 

be nearly temperature independent (5.2 X cgs). 

Data for polyoxymethylene havc bee2 rc2orted by Eierm::ii,;(j!) 
from-190" to +90°C and ciii?lusiviiy d h ~ b  have been presented by Shoui- 
berg(l0) for Delrin in the melt. Eiei-mailn's(31) rcsults are si-iow~ in 
Fig. 5-2 1 for two materials I p  = 1.441 gil~/cm" and p = E .432 gm/cm3j. 

N Y L O N  6 

T E M P E R A T U R E  PC 

Figure 5-20. Thcrma i  coilduciivity of nyion 6 :is a fiiiiciion of tenipc~xtul-e  [Ea t to r i  
(cjj)]. 
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Figure 5-21. Thermal conductivity of polyoxyrnethylcne as a function of tcmpc-, 'ai~ii-e 

[Eierrnann (31)). 

The data show that the conductivity level is relalively 'nigh, that it 
dec---.. 4 t ~ s e s  rnonotonicaliy over the temperature range, and that ii M e s s  
for materials of different density, the deilsities probably indicaiing 
different percentages of crystallinity. 

i. Polyethylene Tereph:h&ia:e ji3EYPj 

PETP ha\ been investigated by Eierin:~ni~ arid Si.jel!wege(23) from 
-190" to +80°C and by Steere(37,62) from -15;" to 120°C. Data of 
Eierrnann arid Hellwege(23), w;~iclz t r c  esselrtibily repeated in 
refercnces(22,3!,4!,5(;), are sliown in Fig. 5-22 icG,cating ih'it t11c 
ti?crn?ai cond~ctivily rises towsi-d a ~ ~ ; L X E I ~ U ~  ovci. ille 1ciiiper'l;ur-e 
range covered, and that tlic h~ghcr cicnsity m::tci.~,~l ( p =  1 . 4 9 )  
exh~bits higher values of conductivity than the iowei. c,cn,liy material 
(p = 1.337). As in other partially crystaiiinc poiyr;;ci-,, ;,I,\ it ,~;dbabiy 
a reflection of increascd crystaliinrry. 

Resu!ts or Stcerc(37,62) also sl-~o\v an ir?cre::sc i n  conciuc:;vity wit11 
increasing tempcraiurcs. Data for hig!?cr temperatiii-cs aild for PETP in 
the n~el t  are not reportcd. 



Figure 5-22. Tlicrmal condiictivity of polyeil~yienc tercpht:iaialc [iicrninnn and 
2-ieil~vege ( 2 3 ) ] .  

- 
1 he thern-ial conductivi;y bcl~avioi- of PTiZE has been \:ildieil by a 

niimbcr of 111vestiga1ors. Et is contiderzii 'to bc especially interesting 
because, in addition to other known rciaxslioi~s. it tii?dergoes ci-yst~i- 
crystal ti-ansitions near 19" and 30°C, scspcctively. S1ccse's(37) cot;- 
ductivity data obtained by a dyr,;nic technique (Fig. 5-23) show a 

T E M P E R A T U R E  ,% 

Figure 5-23. T1.icrrnal conductivity oi'p0iy~cti-afliioi-uc:iiy1~11~ as :I i'iii~ciioii o(.tci:?;)ci.;i- 
1Lll.C [?;1cc1.r:(37)]. 
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s/?;ii-!> ; I ~ O V C  0°C ;\i?if :ln abrup: drop i;e:li- i 9°C. i'~lio\niing a sligi;~ 
i.ecovci-y [he dam :igaii~ show aii :ibriipi drop near 3(i0C. Vaiiics(37) for 
a and C also csilibit cil.n~na~ic ci~anges with ti.ii~pcriiturcs ir: ihc regions 
of the transition. 

Eicr-i11rin1-i and W ~ i i ~ ~ g e ( 2 3 )  reported u drop in coi~ductivit)/ r:eas 
19°C. 7-his work by EEcrn-iai-t~; and ::ssociates car! also bc ,'cjt:ild in 
references (22,31,41 ,47,58). Esu,  Kiinc, arid Tomlii;sac(34) a h  
fc>ui~d ch:ingcs occurring in ihe conductiviry vaizes in this tempt-aiure 

region. Rcsuits gei:er:;l!y suggest that thi: cor::!t:cLiviiy tcncls to rise 
~ v i r l l  increasing temperature below ream t c m p e r ~ ~ ~ i t - e  a:~d that it is 
rather temperature independent from i??' to aboii: 1"""" LV L. Ai higher 
temperatures, it then decreases with teniperaiurc. Xeese a i ~ d  Tucl<ei- 
(51) have reported a reasonably sharp increase in coi~ducilvity with 
temperature below 5"K, much as in other polymc;~. Powell ct ai.(64) 
have pi-esenteci data for ail imvesiigarion of PTFE from 5" to 90°C. 
Mattori(G5) reported data for the 23"-iGO°C icx,xr;i:ure region. 
Kirichenko et a1.(46) reported data fo:- the 30"-146";; rnnge and Vasiiev 
and S ~ ~ - I , ,  , ,,av(79) have presented c,, k ,  and a da:a. 

~ontiuc;ivity studies of Wsu, Kiir,c, and Torcli;-.s0~'34) 1 . i  SUP-CSL J.3 tl?-- Li i 

re,a h x t i o n s  ,., present in PTFE may also airec~ :Iic c:;,;ciuc~ivity. Thcir 
data f u . - ~  ,  her indicate that, aithoagli quenching ar,a c;-i;;ezlia?g procedures 

changcti the thermal conductivity, the condnc t i~ i~y  level of boih the 
qr?e:~c;:ed and annealed marerial was less rhar, ~i- at of the as-received 
material. Furthermore, althosgh the pe;- cent crysialiinily iiicreastd 
aCier a slight nuclear radiation dose, the coi-idticiivity decreased. Xadia- 
t i x  eEects data are discussed in znotI:ei- part of ihis scctii;i:. 

i? 7. ' . .  
;\eesz end 1 uckcr(51) inves~igaiecl ii;e ihci-;~r;: ~ii,:~,,:ciivi:y of . .  . Pc 'T iZZ - from -0.20 to 5"1(; Watiori(65) hrXs regoi-reo L..- . .  -.-, 

. < i : < r  1 1  dm 26" to 
110°C for specinzens of different percellrages of crys~aiiiniiy and has 
plotted conductivity vs. crysiai1i;iity hi- some pcrceniages. Datr-: o:' 
-. kierrnann (3  1 )  given in Fig. 5-24 show ar; increase Ir? "ler:n:il conduc- 
tivity f r o n ~  rat;-,er a !ow vaiiic of -3.4 X 10-"cai/ci.,:-scc-"C a; -199OC 
to a maxiiniini of about 3.5 x iOYi  cai/cm-see-"C near 75°C. 3iXerenccs 
bctwecn the rcs~iiis for the two matcriak of i:i,;'erci?i clensirics ( p  = 

2.097 and p = 2.1 12 gm/crii:') are slight; Siit, above abiiui -5O0C, thc 
conductivity of ihe densci- rnate1-ial appears to be than ri-~a~ of the 
jess dense material. This is in  contrast to Ih'attori's(65) 1-csuiis and 
results for many poiymers which exhibit higher conductivity as ihe 
densiry increases. 
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Figure 5-24. Thermal contluctivity oi' poiych!oi-oti-irl11oi-octi1y1e1ie as a fuiic~ioi~ of 
teni;?cratu;.e [Eicriiiann(31)]. 

Gala on i!ie tlicrmal coi~dliciivity or' <poxj/ sys:crr;s aria oti;er 
ihcrmosei:ing poiyrners have occr~ r e p o i ~ i . ~  sy C,;e;i<a>ova(54) For 

- - 
A T  to -95"C, by F1-iciingsdoi-i";65), oy r,c,-,/: C A L  .-:asi\ln\(67), by 
r-' cierrna,- : ~ ' n d  ;<nappc((iS) as a funclion i;i' :, ,:, !-,y .<i;&),1~(47) .'co,;-I 
0" to ;OO°C, by TsetIin, ?!;nova, S:i~:;:,,..~~ji,:, , i ,~  Xe'ii;.>~cri65, 

- - (bakeliile and graphifc systerr,) hs a fanct;o,-, c, iAiabi. col~cen~rdLio ,~ ;  ; zU 
by ;<iinc(55) for aiumii;nm-fiileo eb;oxy s y s ~ c ~ s  ,i-ai21 Go to 1722; iCLioC. 

. . 
Data of Kiii~e (55) :L;? give:! la, 1- I;;. 5-25. 

For :he ufi5lied epoxy, 6ig;ycidy; ci;-{c; OF rsisp:icno? A ; : L ~ c z ~ . c ~  L.. . 
,~~-p;icnyicne diamine(55), the conduc!iv:ty i.isci sniglitiy witit c~,-I:;~:,.- 
turc over- the range siiiiiicd. T;.his 15 I ; I U Z ~  'is expcctcd ;dr ;,ii ;i.liijr>i;ri.:i 

crossiiniied polymer and is sin:i,:,i- i:-i charzictc: LO rcs4:ts O; C ~ I C T ! < ~ ~ S O V ~  
in  F I ~ .  5-1 2 (mnicrial \pcciSca,:ons are no i  ,ivz,;j r ' ~ ~ i  not ioo CliX~i-iil; 
from the resuits oi" i(rra,?;sz(i!7) wh;cn r~~iiic,.~ca ; ,-cic.tivcIy coiist2i;i 
cond~~ctivi:y of 4.8 x 10-a c;i/cm-szc-"C over ..,c 2"-;6O0C tempcsaiure 
range. 
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E P O X Y  A N D  M P D A  

U N F I L L E D  
4 IY 

I 

Figure 5-25. *l'ho~.m:~l conductivi[y of ali~min~inl-filic.ti epoxy  systc ins  as n i'uiiction of 
tcmpct.aiiii.c [ Kline(55)I. 

Addition of aluminum powder filler increased the co~~ductivity but, 
as expected, the increase was not a simple :irithn-rciic average of the 
conductivities of the aiuminutn and epoxy separately. The cor~ducrivity 
i n c r e a d  with fiilcr content more rapidly than pr-cdicied by the Kay- 
Icigh-Maxwell eqiration for a dilute dixpersion 01 iphcr.icai particles in 
a continuous n~ccliuni. At all conccnir~~tions the cpoxy appareniiy 
isolated the aluminurn particles and maintained appreciable thermal 
resi\~ance. From Fig. 5-25 i t  is noted th'ti the conductivit~es of the 
filled 5ystcms iricreasxl slightly with temper-ature and thcrc was some 
evidence that the data did not lic on \ l r a ~ g h ~  lines hut  that there was 
some finer detail imposed on the over-aii behavior. 

M. Rubbers 

Rubbers mentioned hei-cin inciude both natural aiid syr;;iicric forms 
although not nearly all the form\ w~ll  be di\cussed. C;\i-\hlh!~ and Hogc 
(70) have studied conductivity Jdta of the available litel-at~11.s to arrive 
at selected values for natural rubber. 771~c:r work PI-ovidcs an excellent 
source of references on the si~b.ject including the graphing of much of 
the data. Also, Anderson(71) has included rubber and cellular materials 
in a recent review discussing thermal conductivity in polymers. 
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Schallamach(72) has presented rubber data ovcr tile temperature 
range 100"-30Csoli wi?iic Eicrinann and co-wor!tcrs(22,23,29,40,41,56) 
have reported data from -190" to +90°C. Data of Eierrnann and Hcll- 
wege(23) are given in Fig. 5-26, and it should be noted that sornc ofthe 
other references are 01-11~ repeat data. Cherkasova(54) reported results 
for 2.5"-95"C, and Shouiberg(l0) reported difTusiviey data up to 
-300°C. 

Eiermann and Hellwcge's(23) results indicate that data for natural 
rubbcr, crosslinked polyester-urethane, polyisobutylene, and silicone 
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rubber have a similar character in that for the most part the conduc- 
tivity rises with increasing temperature tip to the glass-rubber transi- 
tion, then the values decreasc with temperature, somewhat as in the 
case of the glass-liquid 11-ansition (PMMA).  Actual conductivity levels 
depend upon the particular molecular structure. At higher temperatures 
i t  seems probable that tile conctuctivity again rises with tcn~pcraturc. 
One would expect the rcsults to be gcncr:~liy similar in some respects 
to thosc for polymer niclts and epoxy systems at higher teinperatures. 
Filled rubher systems have been studied, and data on somc o l  these can 
be found in refercnces(70,71). 

N. Other  PsPyrners 

Some other polymers which have been studied but will not be 
treated separately include a polyester studied by Clattori(36,39); 
ceilulose acetate and cellulose acetate butyrate studied by Knappe(47) 
from R T  to 100°C; chlorosulfonated I'E reported by B-Pennig and 
Knappc(29); vinyl chloride acetate copolymer reported by I4attol-i 
(52,743; and polybutenc studied by Boggs and Sibbitt(7.5). Cherkasova 
(54) also reported data (25"-95°C) on n~iscellaneous other materials 1101 

hereiofore discussed, including parafin (see Fig. 5- 12). Knappe(47) 
gave conductivity data for polyvinyl carbazol and polycarbonate 
(-20" to 100°C). Polycarbonate data are aiso presented by Heilwege, 
Hennig, and Knappc(24) and Steere(37), and diffusivity data are 
reported for polycarbonate in the melt by Shouibcrg(1O). Penton data 
are reported by Lohe(42) at temperatures into the melting region. 

0. Irradiated Polymers 

Changes in thermal conductivity resulting from niiclear radiation 
have been studied by Tomlinson et a1.(16) for PE, Msu, Kline, and 
Tomlinson(34) for PTFE, and Tomlinson and I<line(35) for PI'. Hattori 
(36) has reported dif-fusivity resuits for y-irradiated PE. Resuits(l6) 
indicate that reactor radiation tends to break up the crystalliles in PE, 
leading to decreased conductivity at lower temperatures, as can be 
observed in Fig. 5-27. Crosslinking occurs as a result of the irradiation 
but at lower temperatures this does not appear to compensate for the 
loss in crystallinity even though the crosslinking/scission ratio is 
reiativeiy high. At higher temperatures, for instance above 100°C (see 
Fig. 5-27), higher doses result in an increase in conductivity level, 
probably resulting primarily from radiation-induced crosslinking. 

IIsotactic polypropylene is rather similar to PE in structure and typi- 
cally has a relatively large perceniage crystallinity. The crosslinking 



DONALD E. K L I N E  A N D  DAVID RANSEN 

10 I I I I 
POLYETHYLENE 1 

Figure 5-27. 
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EKect of reactor radiation on thc thcrmal condt~cLivity of polycthylenc 
[Tomlinbon et tr1.(16)]. 

to scission ratio is much lower than in the case of PE. Upon y-irradia- 
tion(3.5) the over-all conductivity levcl (0"-160°C) decreases, probably 
primarily as a result of disordering of crystallites. Results are given in 
Fig. 5-28. Differential scanning calorimeter data indicate that as the 
crystallites are increasingly disordered the temperature range of melting 
process broadens. The melting temperature shifts to lower temperatures 
with increasing radiation dose. it is interesting to note that, although 
radiation-induced crosslinking occurs in FP, the conductivity did not 
increase with dose, presumably largely because of the relatively small 
crosslinking/scission ratio. 

Data for PTFE(34) showed that the thermal conductivity behaviol- 
followi~lg gamma irradiation differed substantially from both PE and 
PP (see Fig. 5-29). PTFE is relatively sensitive to radiation and the 
percentage crystallinity, as indicated by infrared measurements, in- 
creased with dose. However, the conductivity level decreased with 
increasing radiation dose. 

Thermal conductivity measurement techniques can be conveniently 
divided into steady-state methods, where the conductivity measure- 
ment parameters are not changing significantly with time, and into 
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I POLYPROPYLENE U N I R R A D I A T E D  
A 6 0 0  MEGARADS 

8 1800 M E G A R A D S  

Figure 5-28. Thermal conductivity of y-irradiated polypropylene as a function of 
temperature [Tomlinson and Klinc(35)l. 

transient methods, where measurement parameters change rather 
rapidly with time. In the former it i s  customary to calculate the thermal 
conductivity of, say, a slab directly from an equation of the form 

P T F E  

\ 
-1 2 o AS RECEIVED 
a 
U 

A IRRADIATED (4.7 MRADS) - . IRRADIATED (190 MRADS) 

T E M P E R A T U R E  :C 

Figure 5-29. Thermal conductivity of y-irradiated polytetrafluoroethylene as  a func- 
tion of temperature [Hsu et a1.(34)]. 
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where A is the area of the sample and d is the thiclincss. Xn the latter 
nicthod the diffusivity a is usually thc basic quantity calculated from 
thc mcasuremcnts because the thermal diffusivity is the propcrty which 
determines time-dependent heat flow through the polymer material. 
Using the relation 

li is then deduced if a,  p, and c,  are known. As wiil bc pointed out in the 
following discussion, some types of apparatus have been designed to 
opct-ate i~tiliziilg both techniques. 

A. Steady-State Techniques 

1. ASTM METHOD 

Perhaps the best-known standard for measuring the thermal conduc- 
tivity by steady-state techniques is that given by the American Society 
for Testing Materials(76). This method will be discussed first, then 
variations used by many research groups will be discussed along with 
some possible reasons for the variations employed. 

Figure 5-30 is a diagram illustrating thc basic features of the ASTM 
Designation (2177-63 for the metal-surfacecl hot plate. The hcating 
section is composed of a round or square central heater A and sirnilarly- 
shaped central surface plates B into which permanently installed 
thermocouples are set in grooves or just below the working sui-fzce. A 
guard section, coniposed of a guard heater C and guard sui-race plates 
D, surrounds the heating section and is isolated by a gap ', in. or ics.s. 
The radial heat flow in the sample is minimized by adjusting the power 
inputs to heaters A and C such that the tempcrature differential be- 
tween plates B and D is nearly zero. The detection system for this is 
required to be sufficiently sensitive to assure that the variation in 
conductivity due to gap tempcrature imbalance is restricted to less than 
0.5%. Heat losses from the outer edges of the guard section and speci- 
mens are restricted by edge insulation or by governing the surrounding 
air temperature. Identical test specimens are placed betwcen the cenli-:tl 
sections and the cooling units. Rigid and hard spcciniens arc required 
to have parallcl flat su~fi-ices to within 0.003 in./ft, and ail plates in- 
volved require similar flatness. Working sut-faces of the heating unit 
and cooling platcs are required to be smoothly finished and checked 
periodically for defects. Surfaces are to be treated to have a total ernit- 
tance greater than 0.8 at all operating temperatures. 
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u D C D  

Figure 5-30. Schematic diagram for guardcd hot platc ccll: A, ccntral hcatcr: H ,  
central surfacc plate: C, guard hcatcr; D, guard surface platc: E, diKcrcntial thcrmo- 
couplcs; F, heating surface thern~ocouplcs; G ,  cooling unit su~facc thermocouples. 

[ASTM (76)l. 

A reproducible constant pressure is maintaincd betwccn thc plates 
and specimens to promote good thermal contact. T'hc tcn~pcraturc 
dilr"erentia1 betwccn hot and cold plates is specified to bc 10°F or more 
and, for good insulators, the minimum recommended gradient is 
40°F/in. Fluctuations or changes in tcmperatures of the hot plate 
surfaces must not bc more than 0.5% during a I-hr test period. Tem- 
peratures of the cold plate surfaces are subject to the same limiting 
conditions. 

- --" -- - -- - 
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Typical sample sizcs C : I ~  I-angc from about I-in. niax. tlzickncss with 
a central lincar dimension of 4 in. and a 2-in. widc guard sing to a 4-in. 
max. thickness with a central lincar dimcnsion of 12 in. and a 6-in.-widc 
guard ring. Thc specification dcsignatcs that, I'or practical purposes, the 
method is limited to specimens having thermal conductances of not 
more than I0 Btulhr-ft2-OF and thickness conforming to t l~c  above. I t  
would appear that thc conductance limitation would very scldom aiI'ect 
most polymer systcms. 

ASTM Designation C 177-63 dcscribecl above provicics for accur-:~tc 
repcatable thermal conductivity measurements for stable polymer sys- 
tcrns. Woodside and Wilson(77) have reported on imbalance crrors 
in the use of guar-ded hot plate n~casurements. Ef the conductivity is not 
changing with temperature or lime and contact at the specimen sur- 
faces is adequate, the measurements are absolutc; however, the rathcr 
large specified temperature differential tends to avcrage any rapid 
fluctuations of material conductivity with temperatiirc, and the strin- 
gent conditions regarding the long-time steady-state conditions for 
measurement tend to obscure any conducti'vity changes occurring as a 
function of time. Using this method, heat losses arc minimized and can 
be largcly accounted for and measurements can be made over a rathcr 
wide temperature range (fi-om near -100°F to values approaching 
1300°F) according to thc designation. 

In studies of thermal conductivity which arc primarily related to 
research, deviations from the ASTM method are often utilized for 
sevcral reasons. Ncw andlor special polymcrs and rclatcd materials are 
typically available only in rclativcly small quantities and multiple 
specimcns may be required for cxpcrimcnts; thus the sample size must 
be small. Furthermore, measuremciits at extreme tcnipcraturcs (for 
instance, below liquid nitrogen or liquid hcliuni tcmpcraturcs) may be of 
primary intcrcst and sniall samples and small over-ail dimensions tend 
to reduce some problems associated with measurements because losxcs 
arc less and the cntire system may be easily enclosed by a Dcwar 
vessel or equivalent. I n  studies of variations of conductivity with a 
given parameter, such as with rcgard to temperature for instancc, 111c 
tcmperaturc differential must bc minimized iS rathcr rapid changcs arc 
to be detected and analyzed. This too suggcsts that specimens should 
be rather thin. Since a vcry large number of cxperiniental points arc 
desired in most research, and specimens with varying histories and 
treatments are of interest, it is of the utmost importance to decrease the 
time per measurement to a point where the over-all time required for a 
given experiment is manageable and practicable. Thus very large times 
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rcquircd for cquiiibriuni are sometimes I-educcd at the expense of 
accuracy in attaining absolute valucs. 

2. TUBULAR GEOMETRY VARIATION 

For thcrmal condi~ctivity incasuremcnts of polymers above room 
tctnpcraturc, n variation of thc steady-state method reported by I<linc 
(5.5) utili~cs tubular samples li>rmcd from stock or molded to s i x .  Thc  
volume of  material per specimen is relativcly small (-6 cc). Heat is 
supplicd to 3 central copper rod by an irnbctlcicd hcatcr and flows 
raclially through thc samplc to an outside copper tube which is main- 
tained at the dcsired tcnipcrature hy a circulating coolant. 'Thcrmo- 
couples in thc inner. and outcr coppcr surf:lccs arc used to mcasure thc 
temperature drop across the specimen and thc energy supplied to the 
lncatcr is dctcrmincd from voltagc :und cur-rent mcasurcments. 

3. PLATE METHOD FOR SMALL SPECliLlENS 

Eiermann and Knappc(68) and co-workers have described an 
apparatus in which a thin foil heater about -&mm is used as a resis- 
tance source to supply heat to dual samples which are aboul 80 X 80 X 

3-5 mm (3.2 X 3.2 X 0.12-0.20 in.). This sample size corresponds to 
- 19 cc minimum sample volume. For many polymcrs one can reach 
steady-state values to within 1 %  in 10 min when the power is turned on 
abruptly in the heater and the cold plates act as infinite heat sinks. 
Thus with proper controls one can obtain a reasonable number of data 
points per unit time in research studies. In the Eiermann and Knappe 
reference(6S) metal blocks grip the heating foil at each end and supply 
electrical power evenly to the foil. Operation to satisfactory accuracy 
levels does not require the use of a guard ring. 

Eiermann and Knappe(68) report results from -180" to+50"C which 
demonstrate the extreme importance of good thermal contact in obtain- 
ing reliable results, especially at lower tempcl-atures. In another 
reference, Eiermann et a1.(58) describe an apparatus in which the 
temperature rises slowly with time while thermal conductivity data are 
obtained. Heat input is measured by noting the rate of temperature rise 
of a copper disk whose mass and heat capacity arc known. 

Krcahling and Kline(78) have developed an apparatus similar to that 
of Eiermann and co-workers which utilizes samples which are typically 
0.080 in. thick and 3 in. in diameter. However in this case heat is 
supplied by a foil which has a weaving conduction pattern etched into 
shape and requires only simple wire electrical connections. The 
temperature range is about -190" to +lOO°C. 
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4. LOW TEMPERATURE METHODS a 

For thcrmal conductivity mcasurcmcnts of polymers in the general 
range of liquid helium temperatures and abovc, Bcrman(6) has des- 
cribed an apparatus which utili~cs relatively small samples. Powcll et 
a1.(64) also have reported an apparatus and data for usc at low tcm- 
pcratures. I n  this casc a rclativcly long samplc is used and a systcm of 
guard rings is utilized along the Icngth of thc spccimcn to reduce losscs 
to acccpfablc values. tiecse and Tucker(4.51) have prescntcd data in 
the I ~ c l i u n ~  tcmpcrrtturc r:ingc obtaincrl with an :tpparnrus which has 
f'caturcs somcwhat similar to those of the Berman(6) apparatus aiid rhc 
Reese and Tuckcr(51) apparatus. Thcrmal contact is madc with a 
threaded copper plug screwed into the end of the samplc. 

Anderson(71) has recently presented a revicw article on the thcrmal 
conductivity of polymers along with some discussion of apparatus. A 
split-bar method which may be particularly convcnient for measurc- 
ments of conductivity in materials with relatively large k values is noted 
with other various methods which are useful in certain applications. 
The reader is referred to the Anderson (71) paper for further details. 

\ 

B. TransientTecRwiques 

A number of investigators have I-cported methods for obtaining 
thermal conductivity data of polymers by transient techniques. Vos 
(73) considered heat flow characteristics in  cylindrical geometry for the 
determination of k .  Jaeger(8) considered heat conduction in an infinite 
region bounded internally by a circular cylindcr of a perfect conductor 
to propose techniques for determination of X and a. In Shoulberg's(l0) 
work, diffusivily of polymer melts were obtained in experimcnts 
involving a constant rate of temperature rise of a metal block which 
enclosed the samples. Techniques are also noted in the review paper by 
Anderson(71) and others (54,56). Chung and Jackson(48) reporlcd a 
rapid, versatile, simple and inexpensive technique for the determina- 
tion of the diffusivity in cylindrical gcometry. For use on such matcririls 
as P M M A  and rocket propellents, cylindrical samples with Icngih-to- 
diameter ratios greater than 8 closely approximated infinitely long 
samples for test purposes. From room temperature to below stcam 
temperatures, temperature data as functions of time wsr-e taken follow- 
ing an abrupt change in ambient temperature of the specimen. From 
these data the diffusivity was calculated. Chung and Jackson(48) 
emphasized that heat exchange losses with the surroundings were 
rather unimportant in their method and that the technique was espec- 
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ially valuable for badly warped or distorted samples. At a later date 
Wattori(36) also reportcd the usefulr?ess of a transient mcthod 
involving cylindrical geometry in the detei-inination of difli~sivity ill  
pol y rners. 

Klarmathy(43) has reported on transient methods for the clctermina- 
tion of thermal properties of solids which ofreel- t l ~ c  advantage of 
producing a very small thern1:tl disturbance in the n2aterial during 
rnca\uremcnt. Using flat specimens, a hot 01- cold pulse is applied to the 
surfr-ice of tile samplc. [A similar radial heat flow rncthod has been 
described by Vusilcv and Surhov(70,8JI).] By measuring tllc tcinpcra- 
turc-tiri~e behavior of points elsewhere in the material, data can be 
obtained from which X and LY can be calculated. Using these and the 
density, the specific hcat can also be deduced. Warmathy's(4.3) work is 
a valuable reference for previous related work by others as well. 

An important part of the basic Warmathy technique is the use of a 
very thin foil electrical resistance heater between two fiat specimens. 
Albo, the specimcns can be composed of layers of film material. When 
the electrical power to the heater is abruptly turned on or tiirncd OK, the 
heat flux to the specimens rcsponds almost in~mediatcly because thc 
mass of the foil can bc largely neglected. In two important papers by 
Steere(37,62) further refinements of the mcthod are presented along 
with conductivity, diffusivity, and specific hcat data for several poly- 
mers over the approximate temperature range of -180" to +120°C. 
Steere(62) reported the use of 0.00025 in. constant heating foil in 
providing a constant heat flux, the reduction of'measurement time from 
400 sec to 4 sec, and the application of 0.005 edge welded copper- 
constantan foil thermocouples. With refinements typical sample 
dimensions ofStcere's(62) work might be 3 X 6 X 0.4 cm, a total sample 
volume of 14.4 cm:'. The small sample volume is clearly an important 
advantage of his method. 
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f 

(1 heat tlt~x, cal/cm2-see 
7' tempcraturc, 'I< or  O C  

r(E 

I time. scc 
ri velocity of sound, cnilsec 
L' 4pcc1fic v~ll lnlc 
x, y,  z coord~natc d~rections 
x"', J J * ,  ~"principnl .ixc\ directions 
a thci m;rl dilY~~\ivity, cm2/scc 

i.' 11nc;rr thermal expansion coefiicicnt 
P dcn\ity, gmlcm' 
h piionon nic;ii~ rrcc path. cnl 
/I subscript denoting direct~on parallel to stretching in an oriented polymcr 
i \~ib\cript dcnot~ng direction perpcnd~cular to stretching in an oriented 

polymer 
0 as subscript denotes value for unorientcd polymcr 
I Icllgtll. cm 

IiEFEliENCES 

I. K. I?crm:~n, F. E. Simon, and It. I*. W~lks,  Nntr~re, 168,277 ( 1  95 I ) .  
2. K. I'cic~ I\, A~rrr. f'liy.\iX, 3, 1055 ( 1929). 
3 .  1:. Berman, 1'. G. Klcmcn\. F'. E. Simon, and7T. M. Fry, Natrrre, 166.864 (1950). 
4. W. licc\c, J .  AppI. f 'hy~..  37. 3227 ( 1966). 
5. K. E~crniann, Kr~tr.sl\/c~[je, 51.5 12 ( 196 1 ). 
6. I<. f3crni:in. I'roc. Roy. Sot.., A20X. 90 ( 195 1 ). 
7. P. G.  Klcmcns. Proc. Roy. So(,.. A208, 108 (195 1 ). 
8.  J.  C.  .li~cgcr. Arr,\~r(~licrtr.l. l'liy,\.. 9-2, I67 ( 1956). 
9. M. I.. Fri\ch ;rnd C. E. Roger\. .I. Polyt~rc~r Sci., C12.297 ( 1  966). 

10. it. &I. Shoi~Ihcrg,.l. Appl. f'olyrtroSci., 7, 1597 (1963). 
1 I .  P. Lohc. Kolloitl%. %. Polyrircrr, 205. 1 ( 1965). 
12. A. C. Andcrwn, W. Rccsc, and.T. C. Whc,~tley, I?co. Sci. Itrstr..34. 1386 (1963). 
13. K. Ucbcrrc~tcr and E. Otto-i.;~upcnmiihIcn, %. Nr i~o r r fo~ tc l i . ,  Sa. 664 ( 1953). 
14. D. I l,in\cn and C. C. I-lo,./. f'oly~i~c~r.Sc~r., A3, 659 ( 1965). 
15. D. &lan\cn, I<. C. Kirntayya, and C. C. tlo, I'o(s~ric,r I:~Is Sci., 6.260 ( 1966). 
16. .I. N. Tomlln\on, D. E. I<linc. nnd.1. A. Si~ucr,SJ'f: '/rtrtrc.,5,44 (1965). 
17. A. Hcnnig. W. Kni~ppc, and 1'. I.ohe, KolIoi t lL.  L. I'ol~~rircre, 189, 1 14 (1963). 
18. K. Uchcrrci~cr ;inti S. I'u~.uchc~-, Ko l lo i r l l . ,  144, 120 (1955). 
19. ti. 1'. Sheldon ;rncl I<. 1.aiic. PoIytirc,r. 6, 77 ( 1965). 
20. 1'. I.ohe, KolloicIZ. %. Po11,iricrc. 204, 7 ( 1965). 
2 I .  H .  - ~ < I L I ~ L .  ~,rpc,r. TCCII. 1~11y~ ., 7. I ( I 959). 
22. K. E~crni;inn, Krttr.\/.\~o/jc,, 51, 5 12 ( I96 l ). 
23. K. Eicrmann and K. H.  I-lcllwcgc. J. Polyirrc.rS(.i.. 57, 99 ( 1  962). 
24. K. N. tlcllwegc,.l. Hcnnig, and W. Kn;ippc, KolloiclZ. %. I'olyrtrerc~. 188. 12 1 (1963). 
25. K. Eicrm,rnn. Kol loi t lZ.  Z. P o l ~ ~ r t i u c ,  198, 5 (1964). 
26. I<. E~crmann, Kol loidZ. %. Polyttrc~r~c, 199, 125 ( 1 964). 
27. J. FIciinig, KolIoidZ. %. Polyriroc. 196. 136 (1964). 
28. J .  Hennig, Kolloid Z .  %. Polyr~ierc~, 202, 127 ( 1965). 
29. J. I-lennig and W. Knappc, J. Po1,vrncr Sci., C6. 167 ( 1964). 
30. B. D. Wa\ho, I'h. D. Thesis, iienssclaer Polytechnic Institute, 1967. 
3 I .  K. Elermann, Kolloid 2. Z. Polymerc., 201,3 (1 965). 



5 THERMAL CONDUCTIVITY O F  I'OLYMERS 

32. K. f?ierni,uln. KollortlL, L. Pol\ trrrrc, 1821, 1 63 ( 1962). 
33. I<. 1'. Sheldon and I<. I-,lnc, I'olvtrrcr. 6, 205 ( 1965). 
31. K. I-. fHru. D. E. Klrnc, and J.  N. Tornlinson. .I. A/)l~l. I'olvttrcr Scsi., 9. 3567 (1965). 
35. J. N. Tornlrn\on ,iiitl 11. E. I<linc. J. Appl. I'olytr~orSci. 2, i 93 1 (1967). 
36. M. lH,~tro~ I .  KollortlL. %. Pol\ltt~c~rc,, 202. 1 1 ( 1965). 
37. I<. C. Siccic..l. /1/1111. l'oljtrrc~rSci.. 10. 1673 ( I  966). 
38. W. liccrc..l. A11l)l. l'lrv\. 37. 864 ( 1966). 
39.  b4. lHc~t~ori..l. lliqli /'01\~ttirr C'lrrttr. (.l(~/)(rrt), 19-201, 32 ( 1962). 
40. K. l<rcr n1'1riri. Ko/lo;(/Z. L. I'ol~~trr(~rc,. 198, 5 ( 1964). 
41. K. Eierni,inn..l. /'oljrtrc,r Sci., C6, 157 ( 1964). 
42. P. I.ohc. KollotclL. % Po!\rirc'rcs, 203, 1 15 ( 1965). 
13. r. Z. l i.11 n>:~il~y,.I. Appl. /'lr\f\.. 35. I I90 ( 1964). 
44. I< H .  Sho~rlhcrg 'inti .i. A. Shcttcr, J .  l'olj~rrtc~r Scr., 6-23, 532 ( 1962). 
45. W. t lol/niullci .lnd M. Munx. KolloillL., 159.25 (1958). 
46. Y .  A. Kiirclicnho. 13. M. Olcrnih. and T. Z.  Chadovich, 111;lr. Fir. Zir., AX(r(J. N(ru&. 

nc/ot./t\\l, SSR, 7 (5), 70 ( 1964). 
47. W. K11;lppe. Ktitr.\l\toffi, 51, 707 ( 196 1 ). 
18. 1'. K .  Chung and M I.. Jachron. Ititl. 6 t r ~ .  Cltotr.. 46. 2563 ( 1954). 
49. K. Uebcr icitcr and S. Ncn\. Kolloid%.. 123.92 (195 1 ) .  
50. I<. Uchcr iciter 'ind E. Otto-I.:rupcnniul~Icn, Kolloicl%., 133, 26 (1953). 
51. W. liccrc and .I. E. Tuchcr,.l. Clre,ttr. Phy.~.. 43-1, 105 ( 1965). 
52. M. I-i,~llori, Brrll. Urrrc.. OtrrXtr l'tc/ccrrtrc. A9-1. 5 1 ( 1960). 

, 53. M. H~ttoi.r and 0. I<,~miihc..l. Iliglr Polyttio. Clrorr. (Jrcpatl), 15-157, 285 (1958). 
54. I-. N. Clicrkc~\ova. %/I. /-'i;. Kliitri.. 33, 1929 ( 1959). 
55. D. E. Klinc,.l.I-'ol\~tt1oSci.,50.441 (1961). 
56. K. H. I-Icllwcgc, W. Knappc. and V. Scmronow. %. Arigc>,t,. i'iry.~., 11-8, 285 (1959). 
57. L. C. K. Carwilc and H. .I. Hoge, Tecll. Rep. 66-27-it'R, U.S. Army Ndtick Labora- 

toricr, Ni~iick. Mars.. (April 1966). 
58. K. Ercrni:inn, K. H. Hellwegc, and W. Knappc, KolloidZ., 174, 134 (1961). 
59. K. Eierniann, KolloiclZ. %. Pol\ rtto.cJ. 198, 96 ( 1964). 
60. M. Hattori, J. Iliylr P o l ~ ~ t ~ l o .  CIIPIII. (Jct/)(rtt), 17-183,432 ( 1  960). 
61. R. 1'. Sheldon '~nd K. I.:inc, Poljtrrrr, 6, 205 (1965). 
62. R. C. Slccrc, J. Appl. I'lr~u.,37. 3338 (1966). 
63. M. Hi~tiori, .I. lliq1r /'oIvtt1(~r C'lrr~ir. (J(rp(rtt), 19-201, 35 ( 1902). 
64. K. I-. Powell, W. M. l<oger\, and D. 0 .  Coffin, J. 1:c.c. NIlS,59,349 (1957). 
65. M. I i,~ttori. Kolloicll. %. Polytrror. 185, 27 ( 1962). 
66. H. icling\d<)~ r. C l r ~ t t ~ .  ltr,~rr. Trcli.. 32. 29 I ( I  960). 
67. J .  1-lert~ ‘inti .I. F. IHnrhrn~,/ ld~. CryoCqc,tric Etrg., 10. I63 ( 1  965). 
68. I<. Eicrm'lnn ,lnd W. KnClppc. Z. A ~ r ~ c , ~ t ~ .  Plry.\., 14. 484 (1962). 
69. 13. I,. l'\ciliri. I.. Y,unova. C;.  K. Sibir\h'rya, and P. A. Rcbindcr. Proc. Accrd. Sci., 

USSIZ. I'lt\,t. Clrertr. Sccr., 114. 28 1 ( 1958). 
70. L. C. K. C , ~ ~ i v ~ i c  ;tnd 11. .I. Hoge, Tcclr. 1Zc~j). 66-49-PR, U.S. Arnly Naiick I-;lbora- 

toile\. N'rtich, M,L\\., .I~rrie 1966. 
71. D. K. Anrlcr\on, Circ,ttr. Iic'c... 66-6, 677 ( 1966). 
72. A. Scli.~ll~irnach. /'roc. Plry~. Soc.. (Lottdotr), 53, 2 14 ( 194 1). 
73. 13. H. Vo\, Appl. Sci. Re.$., A-5,425 ( 1955). 
74. M. Hattori and 0. Kan~iihc. J. llifilr Polytnrr Clrctil. (.lccptrtl), 15-156, 2 15 ( 1  957). 
75. J .  EH. Woggr and W. L. Sibbrtt. Itrd. E17fi. C/rc~tn.,47.289 ( 1  955). 
76. American Society for Testing Materials, Designatroil C 177-63. 



292 D O N A L D  E .KLINE A N D  D A V I D  H A N S E N  

77. W. Woods~dc and A. G. Wllson.AS7'M. STP ,  217.32 ( 1  957). 
78. I<. P. I<seahlingand D. E. Klinc (Unpubl~ahcd). 

C 

79. L. L. Vd\ilev and G. A. Suskov, 111:li. Fiz. %/I . ,  AXad. Norrh. Uelorrr.~.~h S S K ,  7 ( 6 ) ,  
20 ( 1964). 

80. L. L. Vasilcv, 11tzl1. Fiz. Z l~ . ,Ahod.  NoirX. B e l u r r i ~ ~ h  SSR, 7 (5). 76 (1964). 


